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product ions. These spectra feature radical-directed dissociation of the carbon-carbon bonds within the 
fatty acyl chain, enabling structural assignments of fatty acids and discrimination of isomers that differ in 
site(s) of unsaturation, methyl branching or cyclopropanation. These derivatives are shown to be suitable 
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ABSTRACT: Fatty acids are a structurally diverse category of lipids with a myriad of biochemical functions, which includes their 
role as building blocks of more complex lipids (e.g., glycerophospholipids and triacylglycerols). Increasingly, the analysis of fatty 
acids is undertaken using liquid chromatography-mass spectrometry (LC-MS), due to its versatility in the detection of lipids across a 
wide range of concentrations and diversity of molecular structures and masses. Previous work has shown that fixed-charge pyridinium 
derivatives are effective in enhancing the detection of fatty acids in LC-MS workflows. Herein, we describe the development of two 
novel pyridinium fixed-charged derivatization reagents that incorporate a photolabile aryl iodide that is selectively activated by laser 
irradiation inside the mass spectrometer. Photodissociation mass spectra of fatty acids conjugated to 1-(3-(aminomethyl)-4-iodo-
phenyl)pyridin-1-ium (4-I-AMPP+) and 1-(4-(aminomethyl)-3-iodophenyl)pyridin-1-ium (3-I-AMPP+) derivatives reveal structurally 
diagnostic product ions. These spectra feature radical-directed dissociation of the carbon-carbon bonds within the fatty acyl chain, 
enabling structural assignments of fatty acids and discrimination of isomers that differ in site(s) of unsaturation, methyl branching or 
cyclopropanation. These derivatives are shown to be suitable for hyphenated LC-MS methods and their predictable photodissociation 
behavior allows de novo identification of unusual fatty acids within a biological context.
INTRODUCTION 
Fatty acids (FAs) are critical building blocks of complex cel-
lular lipids (e.g., triacylglycerols and glycerophospholipids) 
and also serve as metabolic precursors of a range of important 
lipid mediators. FAs are thus central to an abundance of func-
tions in cellular biology, acting as energy sources for metabo-
lism; structural components of the membrane bilayer; and – in 
conjunction with other biomolecules – participants in signal 
transduction.1-3 Such functional diversity is reflected in the 
structural diversity of FAs, which can arise from differences in 
hydrocarbon chain length (i.e., total number of carbon atoms); 
degree of unsaturation; position(s) and stereochemistry of car-
bon-carbon double bonds; degree and location of chain branch-
ing and carbocyclic motifs; and heteroatomic functionalization 
(e.g., hydroxylation, halogenation and nitration).2-4 This diver-
sity results in an enormous number of possible structural per-
mutations with the LIPID MAPS database currently listing 
more than seven thousand curated entries within the fatty acyl 
lipid category.5 Due to this complexity, the confident identifi-
cation of FAs in biological extracts presents an analytical chal-
lenge that is further confounded by the common occurrence of 
isomeric FAs that share an identical molecular mass and, often-
times, similar physical properties.6 
Traditionally, gas chromatography-mass spectrometry (GC-
MS) has been deployed for identifying and quantifying FAs in 
biological samples due to the high peak capacity and reproduc-
ibility of the gas chromatograph.7-8 In general, GC-MS analysis 
of FAs requires wet-chemical modification prior to injection in 
order to increase the volatility of the analytes and thus improve 
chromatographic performance. The most widely used of these 
derivatization strategies is conversion to fatty acid methyl esters 
(FAMEs).9 FAME derivatives have a higher vapor pressure 
than their parent acids and thus, in combination with optimized 
column chemistries, efficient analytical separations can be 
achieved for a wide range of FAs. For some isomeric FAs, how-
ever, analytical separations are insufficient for robust identifi-
cation and/or quantification of the individual components. Fur-
thermore, the conventional (70 eV) electron ionization (EI) 
mass spectra of isomeric FAMEs are typically indistinguisha-
ble. This can mask the presence of structurally distinct FAs in 
both chromatographic and mass spectrometric dimensions.10-12 
The problem is further compounded for less common FAs 
where a lack of reference standards limits the use of retention 
time alignment or spectral matching for identification.13 To ad-
dress this challenge, alternative GC-MS derivatization methods 
have been developed to generate more structurally diagnostic 
mass spectra upon EI. Two of the most successful and widely 
adopted examples are 4,4-dimethyloxazoline (DMOX) and 3-
picolinyl ester derivatives of FAs. Both derivatives produce EI 
mass spectra with fragmentation patterns that can identify dou-
ble bond positions, methyl branch points and carbocycles 
within the acyl chain.11, 14-17 A key design feature of these rea-
gents is the incorporation of the nitrogen heteroatom that serves 
to localize the positive charge and direct radical-induced chain 




successful strategy to an LC-MS workflow is a central focus of 
the current work. 
Advances in electrospray ionization mass spectrometry have 
underpinned the emergence of LC-MS as the pre-eminent tech-
nology for lipid analysis.18-19 By sampling lipids directly from 
an extract solution, LC-MS can be deployed across a diversity 
of lipid structures spanning a wide range of molecular masses 
(e.g., long and ultra-long chain FAs).20-21 Non-esterified FAs 
(sometimes called free FAs) or FAs liberated from complex ex-
tracts by saponification can be detected by LC-MS in negative 
ion mode, however sensitivity can be compromised by the use 
of typical acidic mobile phases. Mass analysis of the deproto-
nated [FA-H]– anions can be used to assign the sum composi-
tion of the lipid (i.e., total numbers of carbons, degree of unsat-
uration and functionalization) but cannot be used to assign 
structure. Tandem mass spectrometry (LC-MS/MS) of [FA-H]– 
anions by conventional, low energy (<100 eV) collision-in-
duced dissociation (CID) typically results in decarboxylation (-
CO2), dehydration (-H2O) and charge loss.
22 CID produces very 
little fragmentation from the carbon-carbon bonds in the acyl 
chain, thus restricting the utility of negative ion LC-MS/MS for 
de novo structural assignment. To surmount this impediment, 
charge-inversion of FAs has been explored using a number of 
approaches that can broadly be categorized as non-covalent and 
covalent. 
Non-covalent charge inversion strategies involve the addition 
of selected salts to the electrospray solution yielding positively 
charged metal adduct ions. Adducts of the alkali metals ([FA-
H+2X]+, where X = Li+ or Na+), alkali earth metals ([FA-
H+Y]+, where Y = Mg2+, Ca2+, Ba2+) and even some transition 
metals have been explored.23-25 The tight binding of divalent 
metals, in particular, to the carboxylate moiety of the FA in 
[FA-H+Y]+ can facilitate charge-remote fragmentation along 
the fatty acyl chain when activated by CID.26 These even-elec-
tron dissociation processes reveal key structural details of FAs, 
but the requisite spray chemistry is not typically compatible 
with typical HPLC eluents. The recent demonstration of gas 
phase charge-inversion of [FA-H]– anions to metal-adducted 
cations may enable better integration of this approach with LC-
MS methods.27  
Covalent derivatization of FAs has employed ester or amide 
linkages to append basic (and thus ionizable) or fixed-charge 
moieties to the carboxylic acid functional group. A wide range 
of these derivatization reagents have been reported (e.g., di- and 
tri-methylaminoethyl esters, picolinylesters etc.) and all serve 
to enhance the sensitivity and selectivity of FAs in positive 
mode.28-33 Within this class of reagents, Gelb and co-workers 
introduced the custom-designed N-(4-(aminomethyl)phe-
nyl)pyridinium (AMPP+).34-35 Linked to the FA by a mild amide 
coupling procedure, the resulting pyridinium fixed-charge de-
rivatives displayed excellent detection sensitivity in positive ion 
mode and significantly enhanced charge-remote fragmentation 
of the acyl chain upon collisional activation. CID spectra of 
mass selected FA-AMPP+ derivatives displayed diagnostic 
product ions that could be used to assign site(s) of unsaturation 
and chain functionalization, thus providing a way of discrimi-
nating between isomeric FAs. Several groups have since em-
ployed AMPP+ derivatization for the identification and quanti-
fication of non-esterified FAs in extracts from mouse plasma, 
human plasma and serum, as well as identification of unusual 
esterified FAs in extracts from bacteria.34-40 Compared to the 
radical-directed fragmentation observed upon EI of picolinyl 
esters and DMOX derivatives however, the abundance of 
charge-remote fragments in even-electron AMPP+ derivatives 
is relatively low as a proportion of the ion signal. Moreover, the 
product ion abundance declines for fragmentation toward the 
methyl end of the FA chain (e.g., Supporting Information Fig-
ure S 16). These two factors conspire to make structural assign-
ments of some FAs difficult, particularly for branched-chain 
FAs where structural variations are mostly located near the me-
thyl terminus (e.g., iso- and anteiso-FAs, Figures S17 and S18). 
It would be desirable therefore, to access FA derivatives that 
are compatible with LC-MS/MS workflows and capable of gen-
erating odd-electron radical cations. 
Inspired by the work of Julian and co-workers on protein 
structure determination, we (and others) have previously 
demonstrated that radical ions of lipids can be produced by pho-
todissociation (PD) of electrospray-generated, even-electron 
precursors.41 These strategies utilized derivatives incorporating 
an aryl-iodide motif that can be appended to lipids using non-
covalent or covalent strategies and activated selectively by laser 
irradiation at 266 nm inside the mass spectrometer.42-45 In both 
instances, the resulting radical cations could be further activated 
by CID to affect dissociation of the fatty acyl chain and reveal 
a suite of FA structural motifs, including chain branching. Com-
bining these learnings with findings from fixed-charge deriva-
tives, we conceived FA derivatization reagents that incorporate 
both fixed-charge and photolabile motifs. These multi-func-
tional derivatives would enhance detection efficiency and struc-
ture elucidation using both even-electron (via CID) and odd-
electron (via PD) dissociation modalities. Herein we describe 
the design and synthesis of two such reagents, 4-I-AMPP+ and 
3-I-AMPP+. PD mass spectra of FAs modified with these rea-
gents are shown to yield extensive radical-directed dissociation 
of carbon-carbon bonds that can be used for structure elucida-
tion and, specifically, discrimination of FA isomers. The com-
patibility of the reagents and the photodissociation workflow 
with LC-MS methods is demonstrated using a lipid extract de-
rived from the complex human secretion vernix caseosa.  
EXPERIMENTAL 
Materials  
Where possible, FAs are annotated using the recommended 
shorthand notation.46 cis-Vaccenic acid (FA 18:1(11Z)), hepta-
decanoic acid (FA 17:0) and cis-nonadec-10-enoic acid (FA 
19:1(10Z)) were obtained from Sigma-Aldrich (Castle Hill 
NSW, Australia); oleic acid (FA 18:1(9Z)) and petroselinic acid 
(FA 18:1(6Z)) were obtained from Tokyo Chemical Industry 
(Tokyo, Japan); 15-methylhexadecanoic acid (FA 
16:0(15Me)), 14-methylhexadecanoic acid (FA 16:0(14Me)) 
and cis-octadec-8-enoic acid (FA 18:1(8Z)) were obtained from 
Larodan (Solna, Sweden); phytomonic acid (CFA 
19:0(11,12cp)) from Sapphire Bioscience (Redfern NSW, Aus-
tralia); and dihydrosterculic acid (CFA 19:0(9,10cp)) from Ad-
elab Scientific (Thebarton SA, Australia). Food Industry FAME 
mix that includes 37 fatty acids as methyl esters was purchased 
from RESTEK (Bellefonte, PA, USA). All solvents, reagents 
and additives for LC-MS were Optima grade from Thermo 
Fisher Scientific (North Ryde NSW, Australia). The synthesis 
of derivatization reagents 4-I-AMPP+ and 3-I-AMPP+ is de-
tailed in the Supporting Information, along with comprehensive 
characterization of the target reagents and synthetic intermedi-
ates. A triacylglycerol fraction of vernix caseosa was provided 
by Prof. Josef Cvačka (Charles University, Prague).47-49 FA 
standards and lipid extracts were derivatized using a slight mod-
ification to a previously reported procedure as summarized in 




Liquid chromatography-mass spectrometry  
All ESI mass spectra were acquired on a modified linear ion 
trap mass spectrometer (LTQ XL, Thermo Scientific, San Jose, 
CA, USA). For direct infusion experiments, a methanolic solu-
tion of FAs derivatized with I-AMPP+ (~3 M) was introduced 
into the ESI source via a syringe pump delivering 5 L min-1. 
To provide spray stability, the sample flow was supplemented 
through tee-infusion of a 50 L min-1 flow of MeOH. Typical 
source parameters were: spray voltage +4.0 kV, capillary tem-
perature 300 °C, tube lens voltage 50 V and capillary voltage 
11 V. Nitrogen served as the sheath (arbitrary flow rate units 
between 5 and 10), auxiliary and sweep gases (between 0 and 5 
arbitrary flow rate units). For collision-induced dissociation, 
ions were mass-selected with a window of 1–2 Da and a nor-
malized collision energy (NCE) of 7–15 (arbitrary units) was 
applied over an activation time of 30 ms. The linear ion trap 
was modified to enable PD using 266 nm radiation from a 
Nd:YAG laser (Minilite II, Continuum, Santa Clara CA, USA) 
introduced at the posterior port of the ion trap mass spectrome-
ter. Only a single laser pulse (pulse width approximately 5 ns) 
irradiated the selected ions per mass spectral cycle. HPLC ex-
periments were carried out using a Dionex Ultimate 3000 RSLC 
(Thermo Scientific) system controlled by Chromeleon™ 7.2 
Chromatography Data System software. Separations were per-
formed using a C30 reverse-phase column (AcclaimTM, 150 mm 
× 2.1 mm, 3.0 µm, Thermo Scientific) maintained at 45 °C with 
mobile phases and gradients provided as Supporting Infor-
mation. 
RESULTS AND DISCUSSION 
Preparation of FA derivatives for photodissociation 
Photodissociation mass spectrometry is finding increasing 
application in biomolecular structure elucidation. In general, 
these strategies use short wavelength ultraviolet radiation (most 
commonly 193 nm) to excite and fragment the analyte.50-53 An 
alternative approach has been to introduce a photolabile func-
tional group that is activated in a spectral region where the ab-
sorption cross-section of the analyte itself is weak (e.g., 266 
nm).41 This has the advantage of initiating selective photochem-
istry from a defined location within the target ion and hence 
drive predictable fragmentation for structure elucidation. 
Aligned with the latter approach, we designed and synthesized 
two derivatization reagents, 4-I-AMPP+ and 3-I-AMPP+, incor-
porating both a fixed-positive charge to enhance sensitivity and 
a photolabile aryl iodide group as a target for photoactivation at 
266 nm (Figure 1). Detailed synthesis and structural character-
ization details are provided in the Supporting Information. To 
evaluate the effectiveness of these reagents for FA structure elu-
cidation, the two I-AMPP+ reagents were conjugated to com-
mercially available FA standards under mild amide coupling 
conditions (Figure 1). 
Structure elucidation of unsaturated FAs  
When infused into the mass spectrometer as a methanolic so-
lution, oleic acid (FA 18:1(9Z)) derivatized with 4-I-AMPP+ 
gave rise to an abundant even-electron molecular ion at m/z 575 
(data not shown). Irradiation of the mass-selected precursor ion 
with a single 266 nm laser pulse yielded the [M-I]•+ radical cat-
ion at m/z 448, as shown in the photodissociation (PD) mass 
spectrum in Figure 2A. In addition to the loss of atomic iodine, 
secondary product ions corresponding to both acyl chain frag-
mentation and liberation of the AMPP+ moiety are also ob-
served at lower abundance. Product ions corresponding to loss 
of iodine followed by radical-induced scission of the acyl chain 
carbon-carbon bonds are observed in a sequence of 14 Da spac-
ings ranging from m/z 433 ([M-I-CH3]
+) to m/z 349 ([M-I-
C7H15]
+). This trend is interrupted between m/z 349 and m/z 295, 
where only low abundant product ions are observed corre-
sponding to the 9-location of the carbon-carbon double bond. 
The two ions at m/z 349 and m/z 295 (Figure 2A) are the most 
abundant acyl chain products, consistent with radical-driven 
homolysis at the two activated allylic positions. The PD mass 
spectrum in Figure 2A also reveals abundant product ions at m/z 
183 and m/z 169 arising from the AMPP+ tag and are assigned 
as products from dissociation at the amide and benzyl positions, 
respectively, following initial loss of iodine. 
 
Figure 1: Structures of derivatization reagents AMPP+, 3-I-AMPP+ 
and 4-I-AMPP+ and a summary of the derivatization protocol for 
fatty acids (RCO2H) with 4-I-AMPP+ under mild amide coupling 
conditions 
Mass-selection and subsequent collisional activation of the 
PD-derived [M-I]•+ radical cation at m/z 448 in an MS3 experi-
ment gave rise to the PD/CID mass spectrum shown in Figure 
2B. This spectrum displays a similar pattern of radical-driven 
dissociation along the acyl chain to the corresponding PD spec-
trum (cf. Figure 2A). Under collisional activation however, rad-
ical-directed and charge-remote chemistries appeared more 
competitive with both even- and odd-electron product ions ob-
served for carbon-carbon bond cleavages along the chain (e.g., 
m/z 349 and 350 were both observed). While still interpretable, 
the greater competition between radical-directed and charge-re-
mote fragmentation modalities in the PD/CID spectrum could 
make the assignment of structure in complex mixtures more dif-
ficult than from the corresponding PD mass spectrum. With the 
latter providing the more easily interpretable spectra at a similar 
overall signal intensity, PD mass spectra were analyzed for all 
subsequent experiments with I-AMPP+ derivatives. 
The regioisomeric derivatization reagent 3-I-AMPP+ was 
synthesized and conjugated to FA 18:1(9Z) for comparison. The 
PD mass spectrum of this derivative, compared to the equiva-
lent PD spectrum of the 4-I-AMPP+ congener is shown in Fig-
ure S1. These spectra are almost identical, with both derivatives 
showing a regular pattern of radical-driven dissociation along 
the acyl chain identifying the location of the carbon-carbon 
double bond. Careful analysis of the PD experiments with the 
two isomers, however, revealed that ~28% of precursor 4-I-
AMPP+ ions were converted to photoproduct ions under these 
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(Figure S2). The differing photo-fragmentation yields of the 
two derivatives arise from differences in (either or both) their 
absorption cross-sections or photodissociation efficiencies at 
266 nm. Solution phase absorption measurements at 266 nm us-
ing equimolar solutions of 3-I-AMPP+ and 4-I-AMPP+ deriva-
tives of FA 18:1(9Z) in 85% CH3CN suggest a larger absorption 
cross-section for the latter (Figure S3B). Therefore, the greater 
PD product yield of the 3-I-AMPP+ derivative is likely to result 
from a higher PD efficiency associated with the relative posi-
tioning of the charge, linker and iodine groups around the chro-
mophore 
The PD/CID mass spectra of FA 18:1(9Z) derivatized with 
the two reagents (Figure S4) also reveal differences in product 
ion abundances. Significantly, the 3-I-AMPP+ derivative shows 
a greater abundance of product ions associated with the charge 
tag itself (i.e., m/z 169 and 183), while the 4-I-AMPP+ deriva-
tive shows systematically greater product yields distributed 
across the acyl chain fragments (Figure S5). Given the potential 
advantage of the latter for FA structure determination, along 
with its much lower cost of production, the 4-I-AMPP+ isomer 
was selected as the derivatization reagent for all subsequent in-
vestigations of FA structure determination. 
 
 
Figure 2: PD (MS2) and PD/CID (MS3) mass spectra of FA 
18:1(9Z) derivatized with 4-I-AMPP+. (A) PD spectrum of precur-
sor ion m/z 575 and (B) PD/CID spectrum of the radical cation m/z 
448 using a normalized collision energy of 7. Spectra represent an 
average of 80 individual scans with normalization limit (NL) indic-
ative of the total ion count for each spectrum. 
To establish the utility of this strategy for locating the carbon-
carbon double bond in unsaturated lipids, 4-I-AMPP+ deriva-
tives of the isomeric fatty acids FA 18:1(11Z), FA 18:1(8Z) and 
FA 18:1(6Z) were prepared and subjected to PD. The PD mass 
spectra (Figure 3) show pairs of more abundant acyl-chain 
product ions at m/z 377 and m/z 323, m/z 335 and m/z 281, and 
m/z 307 and m/z 253, consistent with the 11, 8 and 6 posi-
tioning of the double bonds, respectively. The characteristic 54 
Da gap in the pattern of acyl chain fragment ions apparent in 
each case suggests this could serve as a characteristic marker of 
the double bond site in monounsaturated FAs, even when pre-
sent in complex lipid mixtures. 
 
Figure 3: PD mass spectra of 4-I-AMPP+ derivatives of the fatty 
acids: (A) FA 18:1(11Z), (B) FA 18:1(8Z) and (C) FA 18:1(6Z). 
(D) Extracted ion chromatograms (LC Method 1, see Supporting 
Information) of selected product ions of 4-I-AMPP+ derivatives: 
FA 18:1(6Z) (m/z 253, black trace), FA 18:1(8Z) (m/z 281, red 




323, blue trace). Spectra shown in A-C were obtained by direct in-
fusion of the derivatized FA. Each spectrum is an average of 80 
scans.  
To evaluate the compatibility of the PD approach with hy-
phenated LC-MS workflows, the individual standards and a 
mixture of all four isomeric 4-I-AMPP+ FA 18:1 derivatives 
were injected sequentially onto a C30-reversed phase column 
and the eluent analyzed by PD in the ion-trap mass spectrome-
ter. Extracted ion chromatograms (XICs) of the [M-I]•+ ion (m/z 
448) reveal interesting trends in the relative retention times of 
the four isomers, with FA 18:1(11Z) eluting first, followed by 
FA 18:1(9Z), FA 18:1(8Z) and FA 18:1(6Z), suggesting a cor-
relation between double bond position and retention on the C30 
column (Figure S6). While overall the chromatographic resolu-
tion of the isomers is lower than can be achieved by GC, the 
isomer-specific fragmentation arising from PD was sufficient to 
discriminate between the isomers. For example, extracted ion 
chromatograms for specific product ions (m/z 253, 281, 295, 
and 323 for (6Z), (8Z), (9Z), and (11Z) respectively, Figure 3D) 
clearly identified each of the FA components in the isomeric 
mixture. The lower limit of detection for the I-AMPP+ derivat-
ized FAs was calculated to be 72 fmol on column (41 pg) based 
on the LC-PD response for serial dilutions of FA 18:1(9Z) (i.e., 
peak area of the [M-I]•+ product ion, see Figure S15). 
To assess the performance of the strategy across a wide range 
of saturated and unsaturated FAs a commercially available 
standard mixture of 37 FAMEs was hydrolyzed and derivatized 
with I-AMPP+ prior to LC-MS analysis with ion activation by 
PD. Representative mass spectra are provided as Supporting In-
formation and show that the same diagnostic fragmentation pat-
terns identified for the FA 18:1 regioisomers (i.e., 54 Da spac-
ing at the site of unsaturation) can be identified in the PD mass 
spectra of mono-unsaturated FAs ranging in carbon-chain 
lengths from FA 14:1 to FA 24:1 (Figure S21). The same spec-
tral patterns were observed in polyunsaturated FAs with 2-6 
sites of unsaturation as indicated by the fragmentation diagrams 
provided in Supporting Information (Figure S21). Importantly, 
these experiments demonstrate that, as for the mono-unsatu-
rated FAs, polyunsaturated FA isomers (e.g., 18:3(6Z,9Z,12Z) 
and 18:3(9Z,12Z,15Z); FA 20:3(8Z,11Z,14Z) and 
20:3(11Z,14Z,17Z)) can be distinguished by their PD mass 
spectra. The differences are sufficiently stark as to enable ex-
tracted ion chromatograms to visualize the elution profiles of 
each isomer despite incomplete chromatographic resolution. 
These results indicate that in both instances the n-3 PUFAs 
elute slightly earlier than their respective n-6 isomers (Figure 
S19 and S20). Future work is required to fully explore the dis-
criminating power of this approach for even more complex pol-
yunsaturated FAs (e.g., conjugated polyenes). 
Structure elucidation of cyclopropane FA 
Some bacteria produce FAs incorporating cyclopropane rings 
within the acyl chain. Such cyclopropyl FAs (CFA) confer sim-
ilar physicochemical properties to unsaturated FAs without the 
potential for chemical modification of the double bond, partic-
ularly under hostile conditions.54 CFAs present an analytical 
challenge in that they are isomers of monounsaturated FAs. I-
AMPP+ derivatives of the two cyclopropane FAs CFA 
19:0(9,10cp) and CFA 19:0(11,12cp) were prepared along with 
the isomeric monounsaturated fatty acid FA 19:1(10Z). The PD 
mass spectra of the three isomers obtained by direct infusion are 
presented in Figure 4. The PD mass spectrum of derivatized FA 
19:1(10Z) (Figure 4A) is similar to those obtained from the 
other monounsaturated FAs (vide supra), where a pair of abun-
dant and diagnostic product ions at m/z 363 and 309 (∆m = 54 
Da) are observed from cleavage of the two allylic bonds adja-
cent to the 10 double-bond position. Radical-directed dissocia-
tion of the CFA isomers results in chain cleavage on either side 
of the cyclopropane moiety, yielding a distinctive 40 Da spac-
ing between m/z 349 and 309 for CFA 19:0(9,10cp) (Figure 4B) 
and between m/z 363 and 323 for CFA 19:0(11,12cp) (Figure 
4C). This distinctive fragmentation pattern provides a way of 
distinguishing the CFA isomers from each other and, im-
portantly, a point of distinction between CFAs and isomeric 
monounsaturated FAs. Intriguingly, in addition to fragmenta-
tion adjacent to the cyclopropane motif, both CFAs show prod-
uct ions consistent with cleavage across the carbocycle itself; a 
process that necessarily requires unimolecular rearrangement to 
facilitate cleavage of two carbon-carbon bonds. For example, 
the product ion at m/z 335 observed from PD of the I-AMPP+ 
derivative of CFA 19:0(9,10cp) in Figure 4B can only be ra-
tionalized by cleavage of two of the endocyclic carbon-carbon 
bonds with retention of a bridging methylene on the charge-
bearing product ion. Ring-opening of the strained cyclopropyl 
motif provides a driving force for this radical-driven unimolec-
ular rearrangement and the characteristic product ion provides 
an additional point of spectral difference (Figure S9). LC-
MS/MS analysis (LC Method 1, see Supporting Information) of 
the same series of derivatized FAs yielded high quality PD 
spectra across each chromatographic peak, which are repre-
sented as extracted ion chromatograms of diagnostic product 





Figure 4: PD mass spectra of 4-I-AMPP+ derivatives of (A) FA 
19:1(10Z), (B) CFA 19:0(9,10cp), and (C) CFA 19:0(11,12cp). All 
spectra were derived from direct infusion and represent the average 
of 80 individual scans. 
Structure elucidation of branched chain FAs  
Branched chain FAs that incorporate one or more methyl 
groups along the acyl chain have been identified in some bacte-
ria, in milk and in a range of human secretions, including vernix 
caseosa (covering newborn infants), sebum (secreted onto the 
skin) and meibum (produced in the eyelid and secreted into the 
tear film).55-57 Differentiating methyl-branched FAs from 
straight chain isomers has not previously been demonstrated us-
ing conventional LC-MS ion activation modalities. To address 
this issue, straight chain FA 17:0 and two branched-chain vari-
ants, 15-methylhexadecanoic acid (FA 16:0(15Me)) and 14-
methylhexadecanoic acid (FA 16:0(14Me)), were derivatized 
with 4-I-AMPP+ and subjected to PD. The resulting PD mass 
spectra are displayed in Figure 5. The spectrum obtained from 
FA 17:0 displays an uninterrupted series of product ions be-
tween m/z 421 and 239 with 14 Da spacings (Figure 5A). In 
contrast, analysis of the analogous PD spectra of the branched-
chain fatty acids FA 16:0(15Me) and FA 16:0(14Me) reveals a 
clear break from this sequence, with interruptions observed be-
tween m/z 421 and 393 (Figure 5B) and m/z 407 and 379 (Figure 
5C), respectively. These 28 Da spacings are consistent with rad-
ical-directed cleavage of the acyl chain backbone on either side 
of the methyl-branch point, thus providing characteristic mark-
ers for the presence of methyl branches at the penultimate car-
bon (iso) and one carbon further away from the methyl terminus 
(anteiso). 
Each of the isomeric derivatives were subjected to LC-MS 
individually and as a mixture. Extracted ion chromatograms of 
the common PD product ion (m/z 183) are presented in Support-
ing Information (Figure S10). Injection of each individual 
standard indicated that both branched-chain variants eluted ear-
lier than the straight chain isomer FA 17:0 (14.26 mins, Figure 
S10C). Partial resolution of the two branched chain isomers was 
also observed, with the anteiso FA 16:0(14Me) (13.32 mins, 
Figure S10E) eluting slightly earlier than the iso FA 
16:0(15Me) (13.60 mins, Figure S10D). Diagnostic PD product 
ions could be used to further enhance the resolution of the 
closely eluting branched chain isomers. Extracted ion chroma-
tograms of m/z 407 and 393 reveal the contributions from an-
teiso and iso FAs, respectively (Figure 5D). This radical-driven 
fragmentation thus provides a means to not only identify com-
mon branched-chain isomers but also to undertake de novo 
structural identification and discovery of branched-chain lipids 
in complex biological extracts. 
Identification of branched chain FAs in complex extracts 
Vernix caseosa is a white waxy secretion covering the skin 
of infants in utero.58 It is comprised of an exceedingly complex 
mixture of lipids that has challenged conventional analysis. 
Prior GC-MS analysis of FAMEs derived from vernix caseosa 
identified chromatographic features indicative of at least ten 
isomers of FA 17:0, but no definitive structural elucidation was 
possible based on the accompanying EI mass spectra.47 Herein, 
the triacylglycerol fraction from a vernix caseosa extract was 
saponified, derivatized with 4-I-AMPP+ and subjected to LC-
MS incorporating the PD protocols described above. Figure 6A 
shows an MS2 XIC (m/z 436) corresponding to the [M-I]•+ PD 
product of derivatized 17:0 fatty acids. Retention time align-
ment with derivatized FA 17:0 standards (Figure S10) indicated 
that the latest eluting feature (labeled as 1 in Figure 6A) corre-
sponded to the straight chain FA 17:0 archetype. Moreover, the 
PD mass spectrum obtained for 1 showed an excellent match to 
the straight-chain standard (Figure S11). PD mass spectra ob-
tained from the extract across the broad chromatographic fea-
ture between 12.4 and 13.7 mins provide evidence for a range 
of methyl-branched FA 17:0 isomers. For example, spectra ob-
tained at 13.7 mins (2, Figure S12A) and 13.3 mins (4, Figure 
S13A) show a decrease in the peak intensity ratios I407/I393 and 
I393/I379, respectively. Taken together with the alignment of 
these retention times with standards (cf. Figure 5D), this result 
indicates that both iso and anteiso variants of FA 17:0 are pre-





Figure 5: PD mass spectra of 4-I-AMPP+ derivatives of (A) 
straight-chain FA 17:0, (B) iso branched-chain FA 16:0(15Me) and 
(C) anteiso branched-chain FA 16:0(14Me). (D) Extracted ion 
chromatograms (LC Method 2, see Supporting Information) of di-
agnostic PD product ions arising from methyl branching in a mix-
ture of isomers; m/z 436 ([M-I]•+, black trace), m/z 407 (red trace), 
m/z 393 (green trace). Spectra A-C were obtained from direct infu-
sion and represent the average of 80 individual scans.  
The PD mass spectra obtained at other time points across the 
chromatogram provide evidence for an even wider range of iso-
meric contributors. For example, spectra obtained at 13.49 mins 
(3, Figure 6B) and 12.87 mins (6, Figure 6C) exhibited distinc-
tive product ion abundances at m/z 239, 240 and 253, consistent 
with the presence of FA 16:0(4Me) and FA 16:0(2Me), respec-
tively. An analogous PD spectrum obtained from an ion eluting 
at 13.04 mins (5) is suggestive of FA 16:0(8Me) (Figure S14A). 
 
Figure 6: LC-MS analysis of 4-I-AMPP+ derivatized vernix case-
osa. (A) PD-based extracted ion chromatogram for [M-I]•+ for FA 
17:0 (LC Method 2). PD mass spectra obtained at retention times 
of (B) 13.49 mins; (C) 12.87 mins; and (D) 12.65 mins are pre-
sented along with putative structural assignments. Mass spectra ob-
tained at the remaining time points sequentially numbered in (A) 
are presented in Figure S11-14. 
Finally, PD mass spectra obtained at retention times consistent 
with apparent shoulders on the broad chromatographic feature 
(labelled 7 and 8 in Figure 6A) show fragmentation patterns 
consistent with dimethyl FAs. For example, the PD spectrum 
shown in Figure 6D reveals the complete absence of product 
ions at m/z 407 and 253, consistent with branch points at the 4- 
and 14-positions on a 15-carbon chain. These spectra, com-
bined with shorter retention times than the mono-methylated 




15:0(4Me,14Me) and FA 15:0(8Me,14Me) within the extract 
(Figure S14B). Some of these branched chain isomers have pre-
viously been identified in vernix caseosa based on GC-MS 
analysis of methyl or picolinyl ester derivatives of fatty acids.56, 
59-61 These data highlight the structural diversity of fatty acids 
present within this wax secretion and that the methods devel-
oped here have broad application potential for FA analysis even 
where reference compounds are unavailable. 
CONCLUSION 
We have developed dual-function derivatization reagents for 
improving FA detection and structure elucidation. The I-
AMPP+ derivatives incorporate a fixed positive charge to en-
hance sensitivity in LC-MS workflows and a selectively photo-
activated aryl-iodide moiety to facilitate the generation of struc-
turally diagnostic ions via radical-directed dissociation. The 
photoproduct yield from PD of I-AMPP+ derivatized FAs is 28 
and 40% for 4- and 3-I-AMPP+, respectively. Deploying the de-
rivatives across a diverse set of FA structures yields PD mass 
spectra that show characteristic radical-driven fragmentation 
patterns, which are analogous to EI mass spectra of FAs modi-
fied as picolinyl esters and DMOX derivatives.11, 14 These rich 
PD fragmentation patterns reveal modifications along the acyl 
chain, including unsaturation, chain branching and cyclopropa-
nation. Moreover, these spectra distinguish regioisomers that 
differ only in the location of these structural features.  
Characteristic fragmentation patterns are obtained for iso-
meric FAs on an LC-MS timescale, including in complex mix-
tures (cf. vernix caseosa). Future efforts could improve the yield 
of diagnostic PD product ions by synthetic modification of the 
I-AMPP+ scaffold to maximize absorption overlap at 266 nm, 
or through use of shorter wavelengths (e.g., 213 nm) on com-
mercially available PD-MS systems. 
While LC-MS workflows cannot match the resolving power 
of GC, the I-AMPP+ derivatives described here provide rich, 
structurally-sensitive fragmentation chemistry that identifies 
isomeric fatty acids in LC-MS analyses even when chromato-
graphic resolution is incomplete. Moreover, the approach pro-
vides access to this structural information across a wide dy-
namic range, and is suitable for high molecular weight (non-
volatile) compounds incompatible with GC-MS analysis. As an 
example, the I-AMPP+ derivative was recently deployed in the 
structure elucidation of ultra-long chain O-acyl hydroxy fatty 
acids derived from human meibomian gland secretions.21 In this 
case, PD mass spectra gave rise to radical-directed dissociation 
at all carbon-carbon bonds along both ester-linked chains. This 
near-complete "sequence coverage" was significantly greater 
than was achieved by CID of the conventional fixed charge 
AMPP+ derivative for the same molecule. Thus, the PD strategy 
combined with I-AMPP+ underpinned the first comprehensive 
structure assignment of these ultra-long chain lipids.  
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